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Abstract

Mesoporous silica and its derivatives might enable applications ranging from biomedicine to
petrochemical processing. Transmission electron microscopy (TEM), X-ray diffraction (XRD) and N2
adsorption-desorption measurements are usually used to characterize the ordered porous system.
However, all these methods are short of conveying full surface information. In this work, low voltage
scanning electron microscope (LVSEM) with beam deceleration technology was employed to image
detailed surface pore structures of a ~2 nm pores diameters silica (MCM-41), SBA-15, KIT-6 and
mesoporous silica nanospheres (MSNSs). The prospect for the development direction on ultra-high
resolution Scanning Electron Microscopy (SEM) application was discussed in characterization of
ordered porous materials. We demonstrate that complete dimension range of mesoscopic surface
structure (2-50 nm) could be resolved by current low voltage SEM technology.

Keywords: scanning electron microscopy; mesoporous silica; surface details

Mesoporous silica and its derivatives might enable applications ranging from biomedicine to
petrochemical processing. Transmission electron microscopy (TEM), X-ray diffraction (XRD) and Nz
adsorption-desorption measurements are usually used to characterize the ordered porous system.
However, all these methods are short of conveying full surface information. In this work, low voltage
scanning electron microscope (LVSEM) with beam deceleration technology was employed to image
detailed surface pore structures of a ~2 nm pores diameters silica (MCM-41), SBA-15, KIT-6 and
mesoporous silica nanospheres (MSNSs). The prospect for the development direction on ultra-high
resolution Scanning Electron Microscopy (SEM) application was discussed in characterization of
ordered porous materials. We demonstrate that complete dimension range of mesoscopic surface
structure (2-50 nm) could be resolved by current low voltage SEM technology.

The invention of Mobil Composition of Matter No. 41 (MCM-41) [1] triggered an explosion of
research into mesoporous materials, which have been intensively studied for applications as diverse
as catalysis [2,3], molecular adsorption [4,5], drug delivery [6,7], molecular separations using
membranes [8,9], energy [10] and templates for synthesis of advanced nanomaterials [11,12].
Transmission electron microscopy (TEM) was broadly used to characterize these ordered porous
systems [13-15]. Different from TEM and Scanning Transmission Electron Microscopy (STEM) with
weak surface sensitivity, Scanning Electron Microscopy (SEM) could reveal detailed information on
the more microscopic surface structure [16]. However, the practical spatial resolution of SEM was
still limited by inclusion of delocalized secondary electrons (SE) components [17], charge effect and
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instrument itself [18]. Low voltage coupled with in-lens detector could control the signals were
dominated by SE1 component that are emitted from a small escape depth under the specimen surface
after direct excitation by the incident electron beam and ease the charging on non-conducting
materials. Terasaki et al. [19] first reported Low Voltage Scanning Electron Microscopy (LVSEM)
direct observation of 3D mesoporous structure of Santa Barbara No. 15 (SBA-15) with ~7.5 nm pore
diameters and ~2.5 nm thickness of pore wall at 2 kV. Bao et al. [20] imaged a series fined controlled
pore length of SBA-15 materials by using a classic cold field emission SEM instrument (Hitachi S4800)
at 1.5 kV. However, the imaging performance of LVSEM like resolution and contrast could be
improved by using beam deceleration technology [16], which may further reduce interaction volume
of incident electrons and specimens.

Another way to improve the spatial resolution of SEM was observing the transmission samples
at relatively high voltage like 10 kV, 30 kV or even 200 kV [21,22]. In this method, smaller lateral spot
size could be controlled easily and most incident electrons directly pass through the sample which
might reduce lateral delocalized secondary electrons (SE2 and SE3) components, and then the
percentage of SE1 component could be increased. Tiiysiiz et al. [21] first resolved the high-resolution
SEM images of ~2 nm pore size MCM-41 at 10 kV without any beam deceleration. However, the
charge and beam damage caused by high landing energy could not be overlooked.

Herein, we report that we can directly image the distinct surface structures of a 7 nm pore
diameter SBA-15 and even a ~2.0 nm pore diameter MCM-41 mesoporous silica by using negative
specimens stage bias beam deceleration technology. 500 eV landing energy LVSEM and a 200 kV
SEM technology were used to direct image of a ~2.0 nm pore diameter silica. High quality SEM
images could be provided by these means. Imaging capabilities mechanisms for the results at
different conditions are discussed by comparing with each other using Monte Carlo simulation.

All these results will allow a better understanding of the accessibility of the porous systems of
ordered mesoporous materials. The two methods, especially low voltage low probe current SEM with
beam deceleration technology, could be extended to other mesoporous materials like beam sensitive
mesoporous MOF, COF [23], mesoporous carbon materials or under 5 nm particles materials system.
These also demonstrate that complete dimension range of mesoscopic surface structure (2-50 nm)
could be resolved by current LVSEM technology.

1. Result and Discussion

According to literature procedures, ~7 nm pore diameters SBA-15 [19], ~6 nm pore diameters
KIT-6 [21], ~3 nm pore diameters mesoporous silica nanospheres (MSNSs) [24] and ~2 nm pore
diameters MCM-41 mesoporous silica [21] were prepared. All samples were characterized with small
angle X-Ray Diffraction (XRD, Figure Sla), N2-sorption (Figure Slb, c) and High-Resolution
Transmission Electron Microscopy (HRTEM). Properties obtained from small angle XRD and N2
adsorption—desorption measurement are summarized in Table 1. Figure 1 shows HRTEM images of
as-prepared SBA-15, KIT-6, MCM-41 and MSNSs. TEM images (Figure la~c) and corresponding Fast
Fourier Transform (FFT) patterns (Figure le~g) revealed hexagonally ordered mesoporous structure
of SBA-15, KIT-6 and MCM-41. The images analysis gave the SBA-15 pore diameters ~7.09 nm with
wall thickness ~3.12 nm, KIT-6 pore diameters ~6.87 nm and wall thickness ~2.21nm, MCM-41 pore
diameters ~2.00 nm and wall thickness ~1.73 nm. Figure 1d and 1h suggest the as-prepared MSNSs
pore system were not spatial translation symmetry.

Table 1. Texture Parameters of SBA-15, KIT-6, MSNSs and MCM-41 by BET and XRD Method.

Sample Sper m2g-! Vremdgt pore size nm d(100) nm wall thickness nm
SBA-15 757 0.958442 6.67 9.78 4.29
KIT-6 499 1.18 6.64 9.84 2.75
MSNSs 575 0.45371 3.16 5.27 2.93
MCM-41 1164 0.546457 2.00 3.74 1.74
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Figure 1. TEM characterization of as-prepared mesoporous silica. a~d are TEM images of SBA-15, KIT-6, MCM-
41 and MSNSs. e~h corresponding FFT patterns. i~] HAADF-STEM images of SBA-15, KIT-6, MCM-41 and
MSNSs.

Before LVSEM characterization, the dependence of surface details on accelerating voltage was
explored by Monte Carlo simulations and a simple control experiment were conducted (Figure 2).
Figure 2a shows simulations of 2000 electrons with 15 keV kinetic energy are vertically incident to
carbon (spot size =1 nm). The interaction depth is about 2 pm, so the SEM image of TEM copper grids
can only see the copper grids without covered carbon film (Figure 2d). But when the accelerating
voltage decreased to 2.5 kV, the interaction depth reduced to about 85 nm (Figure 2b), translucent
carbon film can be resolved on the copper grids (Figure 2e). Further decrease the accelerating voltage
to 500 V, the interaction depth reduced to about 6 nm (Figure 2c), opaque carbon film was found
covered the copper grids (Figure 2f). These results suggest that too high accelerating voltage can
result in deeper interaction depth in samples which might lead to missing the surface details of SEM
images.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Dependence of surface details on accelerating voltage. a~c Monte Carlo simulations of 2000 electrons
with 15 keV, 2.5 keV and 500 eV kinetic energy are vertically incident to carbon, d~f SEM images of a TEM
copper grids with accelerating voltage are 15 kV, 2.5 kV and 500 V.

However, low voltage high resolution SEM technology could be divided into directly low
voltage (Figure 3a), stage bias beam deceleration (Figure 3b) and in-column beam deceleration
(Figure 3c). Firstly, direct decrease the accelerating voltage to 500 V~1 kV, both the in-lens detector
and Everhart-Thornley (E-T) detector could collect SE images of samples by adding positive bias on
the surface of these detectors. We succeed in obtaining surface details of SBA-15 (Figure S2) with E-
T detector at 1 kV, which are very rare in former researches. However, the image quality is
unsatisfactory because the E-T detector images are enriched with SE2 and SE3 signals [17]. The in-
lens detector images possess more surface details, even at 500 V without any beam deceleration, we
could image the parallel channels on the surface of mesoporous SBA-15 (Figure S3), the images
quality is comparable to the literature [20,25,26]. Beam deceleration with negative stage bias could
lower the interaction volume of electrons in samples, release the charge effect, accelerate the low
energy SE1 to in-lens detectors and change the low angle backscattered electrons (BSE) direction of
motion to higher angle (Figure 3b). Hence, we obtained decent SBA-15 images by a BSE detector with
the landing energy only 500 eV (Figure S4a). Even so, the BSE signals is still not an ultra-high
resolution method for smaller details compare to SE1. Considering the low energy SE1 are accelerated
by the retarding field, concentric annular in-lens detector (Figure 3b, in-lens detector 1) might receive
more electrons than side position in-lens detector (Figure 3b, in-lens detector 2). So, the S/N rate of
Figure 54b side position in-lens detector image is not very well. It is also efficient to improve the
concentric annular in-lens detector images by increasing the stage bias from 2 kV to 5 kV [30].
Compared to Figure S5b, the S/N is improved and even the inter-channel micropores and plugs
within channels can be observed in Figure S5a. Nevertheless, the weaknesses of this technology are
the sharp surface samples might result in point discharge and small depth of field due to small
interaction volume, which might cause difficulties to image bulk KIT-6 (Figure S6). One another low
voltage technology is in-column beam deceleration. If the surface of samples were very close to the
bottom of final lens (working distance, under 1 mm), the excited SE1 can easily sucked into the
column and accelerated by the in-column retarding field (Figure 3c). In this case, concentric annular
in-lens detectors can ensure well S/N rate even at a very low probe current conditions. The weakness
of this technology is very short working distance need the smooth surface of samples.
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Figure 3. Schematic of the three kinds of low voltage technologies. a directly low voltage, b stage bias beam

deceleration, ¢ in-column beam deceleration.

According to the above, concentric annular in-lens detector coupled with high stage bias or in-
column beam deceleration might provide ultra-high resolution at very low probe current and low
landing energy conditions. In this work, both the two technologies were employed to direct image
SBA-15, KIT-6, MSNSs and MCM-41.

Figure 4 displays LVSEM images of the as-prepared SBA-15 and KIT-6. Figure S7 shows low
magnification images of SBA-15, the morphology is bend hexagonal prisms. One can clearly see that
the ordered mesoporous channels are fully exposed on the side of hexagonal prisms as well as the
inter-channel micropores and plugs within channels (Figure 4a), the cross section of hexagonal
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prisms are hexagonally arranged circular holes structure with ups and downs on the surface (Figure
4b). Fine surface structural details and high S/N rate LVSEM images of SBA-15 were obtained. Image
analysis gave the pore size and wall thickness of SBA-15 are about 6.7 and 3.4 nm, respectively.
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Figure 4. LVSEM images of SBA-15 and KIT-6. SBA-15 by integrate concentric annular in-lens detector and side
position in-lens detector with -3.5 kV stage bias (a, b), KIT-6 (¢, d) by concentric annular in-lens detector coupled

with 8 kV in-column beam deceleration, landing energy = 500 eV.

KIT-6 is cubic structure with [a3d symmetry and two types of channel are connected with each
other through smaller pores [21]. Large particle topography and highly connected pore system result
in severe charge effect and high beam sensitivity. Even at 1 keV low landing energy of incident
electron beam, there are still existing obvious beam damage (Figure S8a). Although the decrease the
probe current to 1.6 pA (Figure S8b) or select a new designed cold field emission SEM (Figure S8c),
the pore system images are different to the reported results [21]. Therefore, 500 eV land energy with
tiny probe current were used to collect the LVSEM images of KIT-6 (Figure 4c,4d, Figure S9). A whole
bulk of KIT-6 surface fine pore system was obtained (Figure S9a). There are obvious steps (Figure
S9a), kinks, vacancies and ledges (Figure 4c, 4d, Figure S9b) on the surface of KIT-6, which might be
benefit from the well focus depth of none stage bias in-column beam deceleration technology. We can
clear see the various pores were connected each other and short-range ordered, which might because
the surface is corrugated and is not terminated along well-defined crystal planes. If the surface was
polished with Ar ion, long-range ordered pore structure could be observed [31]. Pore size and wall
thickness of KIT-6 are about 6.3 nm and 3.8 nm, which is agree with other methods.

Although the high resolution LVSEM has made tremendous progress, under 3 nm porous
materials LVSEM image reports were very rare [21]. Figure 5a, 5b, Figure S10 show the morphology
of MSNSs are nanospheres with unordered craters on the surface. The absence of parallel channels
suggests that the mesoporous might be 3D-dendritic. Pore size of MSNSs is about 2.8 nm. Figure 5¢
and 5d show ultra-high magnification LVSEM images of MCM-41 with 500 eV landing energy. There
is some amorphous silica can be seen on the surface of MCM-41 in Figure 5c, but regular hexagonal
array of uniform channels can also be found in Figure 5d. The image analysis gave the pore size only

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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range from 1.8 nm-2.1 nm and the wall thickness is about 1.7 nm. Figure S11 shows a 1 keV land
energy LVSEM image of the MCM-41, too high landing energy of incident electron beam result in
poor practical spatial resolution. Anyway, these results not only give the high-quality surface details
of several mesoporous silica, but also mark that current under 500 eV LVSEM can also directly resolve
about 1.8 nm ordered details on the surface.

Figure 5. LVSEM images of MSNSs and MCM-41. MSNSs by concentric annular in-lens detector coupled with
8 kV in-column beam deceleration, (a, b), MCM-41 (¢, d) by integrate concentric annular in-lens detector and
side position in-lens detector with -3.5 kV stage bias, landing energy = 500 eV.

Interestingly, 200 kV high voltage SEM can also directly image the ~2 nm pore size MCM-41.
Figure 6a shows a 200kV SEM image of MCM-41, while Figure 6b is a high-angle annular dark field
scanning transmission electron microscope (HAADF-STEM) simultaneous image. The contrast and
the S/N rate are also higher than the LVSEM images. The regular hexagonal array of uniform channels
is more obvious, this might because the detail loss of amorphous silica on the surface. To figure out
the reasons, Monte Carlo simulations of 2000 electrons were conducted with 200 keV kinetic energy
are vertically incident to a 100 nm SiO2 membrane supported by carbon (Figure 6c, Figure 6d is
magnified of Figure 6c). From Figure 6d, almost all electrons breakdown the SiO:layer and almost no
scattering has appeared in SiO:layer. If the substrate is practical ~20 nm carbon membrane supported,
the lateral resolution of SEM and STEM are very close to the spot size (~1 nm) of incident electron
beam. However, in this method, the sample must be prepared as a TEM sample, and large bulk may
also result in charging effect, which might lead to image shift or loss of surface details.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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103 nm

Figure 6. 200 kV high voltage SEM image of MCM-41. a a 200 kV secondary electrons image of MCM-41, b
HAADEF-STEM simultaneous image of MCM-41, ¢, d Monte Carlo simulations of 2000 electrons with 200 keV

kinetic energy are vertically incident to a 100 nm SiO2 membrane supported by carbon.

2. Conclusions

In conclusion, we reviewed the advance of ultra-high resolution SEM technology, benefits and
drawbacks of every technologies and the application on imaging of mesoporous silica. We have
directly imaged ~7 nm pore size SBA-15, ~6 nm pore size KIT-6, ~3 nm pore size MSNSs and even ~2
nm pore size MCM-41 by under 500 V LVSEM with beam deceleration technology. It has been
demonstrated that the under 500 V LVSEM technique can directly resolve about 1.8 nm ordered
details on the surface. Unprecedented highest quality 3D topography and surface pore system images
of these four kinds of mesoporous silica were provided. These results will allow a better
understanding of the pore systems structure and applications of ordered mesoporous materials. Two
methods were discussed and demonstrated be efficient to obtained high resolution SEM images of
mesoporous silica, those are LVSEM and 200 kV high voltage SEM.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org.
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